Branch elongation during Drosophila tracheal development mechanistically resembles MyoII-independent 11 collective cell migration; tensile forces resulting from tip cell migration are reduced by cell elongation and 12 passive stalk cell intercalation. 
Introduction 40
During morphogenesis, a coordinated series of complex events including cell division, cell shape changes and 41 cell rearrangements underlies the formation of functional tissues and organs. Epithelial cell intercalation is a 42 major morphogenetic mechanism acting in polarized tissue elongation, e.g. during Drosophila germ-band 43 extension (GBE, Fig.1A ) (Irvine and Wieschaus, 1994) , mouse gastrulation (Yen et al., 2009) , C. elegans 44 intestine (Leung et al., 1999) and Xenopus kidney tube development (Lienkamp et al., 2012) . During 45 intercalation, controlled cell neighbor-exchange results in tissue extension along one axis and concomitant 46 convergence along the orthogonal axis. Intercalation requires contacts between two adjacent cells to shrink
47
( Fig.1A' , type I configuration), resulting in a configuration where four or more cells contact each other (type II 48 configuration) (Bertet et al., 2004; Blankenship et al., 2006) . Subsequently, the new contact extends (type III 49 configuration) leading to a local extension of the tissue (Bardet et al., 2013; Collinet et al., 2015; Zallen and 50 Wieschaus, 2004) .
51
The Drosophila tracheal system presents a paradigm of epithelial remodeling and elongation through 52 cell intercalation in a tubular organ. The primary branches are monolayered epithelial tubes and form in the 53 absence of cell division in two distinct stages. First, tracheal tip cells (TCs) begin to migrate away from the 54 tracheal sac and pull along several tracheal stalk cells into the developing branch, forming a small bud 55 (Samakovlis et al., 1996) . In a second phase, the branches elongate and narrow down due to stalk cell 56 intercalation (SCI) and extensive cell lengthening (Ribeiro et al., 2004) (Fig.1B) . SCI of the primary branches 57 follows similar geometrical rules as intercalation in flat epithelia (Lecuit, 2005) . Initially, cells in the bud are 
61
followed by zipping up of the autocellular junction along the proximal-distal axis of the branch (type III 62 configuration). Therefore, the pair of cells initially located side-by-side, rearranges in an end-to-end 63 configuration, resulting in branch elongation (Fig.1B') (Neumann and Affolter, 2006; Ribeiro et al., 2004) .
64
While the steps of cell and junction rearrangements during intercalation have been described in great 65 detail (see Fig.1 ), it remains debated whether intercalation per se is the driving force leading to branch extension.
66
Several studies in epithelial tissues suggest that intercalation is the direct consequence of increased cortical 67 contractility resulting from the dynamics and the localization of MyoII, thereby generating the major force 68 controlling tissue elongation (Bardet et al., 2013; Bertet et al., 2004; Rauzi et al., 2008; Simoes Sde et al., 2010) .
69
However, also external forces acting on tissue boundaries have been implicated in tissue elongation. For 70 instance, extrinsic pulling forces generated by posterior midgut invagination were linked to Drosophila GBE 71 (Butler et al., 2009; Collinet et al., 2015; Kong et al., 2016; Lye et al., 2015) , also the Drosophila wing is shape 72 by extrinsic tensile forces (Etournay et al., 2015; Ray et al., 2015) . Therefore, tissue elongation is a consequence 73 of a combination of local and tissue-scale forces. During tracheal dorsal branch (DB) elongation, laser ablation 74 studies have shown that highly motile tip cells create a tensile stress during migration, resulting in branch 75 elongation and SCI (Caussinus et al., 2008) . Furthermore, Spaghetti squash-GFP, a GFP fusion of the myosin 76 regulatory light chain (Sqh/MRLC), did not localize to the adherens junctions during SCI. Therefore, and in 77 contrast to elongating epithelial sheets in the fly embryo (see above), cell intercalation appears not to be cause 78 but rather the consequence of epithelial branch elongation in the tracheal system. 
94
In order to interfere with MyoII function directly at the protein level in a time-and tissue-specific manner, we 95 utilized the deGradFP method. deGradFP allows for the efficient degradation of GFP-fusion proteins and can be 96 used to phenocopy loss-of-function mutations (Blattner et al., 2016; Caussinus et al., 2012; Lee et al., 2016;  97 Nagarkar-Jaiswal et al., 2015; Pasakarnis et al., 2016) . Here, we use a null mutant for sqh (Jordan and Karess, 98 1997) rescued by a Sqh-GFP transgene (sqhAX3; sqh-Sqh-GFP) (Royou et al., 2004) . In this genetic 99 background, we expressed deGradFP using the Gal4/UAS system to target Sqh-GFP for degradation in different 100 tissues and analyzed the resulting phenotypes.
101
In all the experiments shown, the sqhAX3; sqh-Sqh-GFP line was used as a maternal counterpart in our 102 crossing schemes, allowing us to easily introduce a Gal4 driver and UAS-deGradFP from the paternal side (see 
114
Initially, we validated the efficiency of deGradFP-mediated knock-down of Sqh-GFP in the lateral 115 epidermis, due to its imaging accessibility and comprehensive characterization. During dorsal closure (DC),
116
epidermal cells elongate in dorso-ventral direction to close a gap that exists in the dorsal epidermis. Along the 117 leading edge of the closing epidermis, a supra-cellular actomyosin cable forms ( Fig.2A) (Franke et al., 2005;  118 Kiehart et al., 2000; Pasakarnis et al., 2016) and leading cells project filopodia and lamellipodia dorsally 119 ( Fig.2A, right) (Eltsov et al., 2015) . To perturb Sqh function in the embryonic epidermis, we used engrailed-
5
Gal4 (en-Gal4) (Tabata et al., 1992) to restrict expression of deGradFP to the posterior compartment of each 121 segment in sqhAX3; sqh-Sqh-GFP embryos.
122
deGradFP mediated Sqh-GFP knock-down resulted in an interruption of the actomyosin cable.
123
However, deGradFP mediated knock-down did not result in the total disappearance of Sqh-GFP, instead Shq-
124
GFP remained in what appears to be inclusion bodies (Fig.2B, 
127
formed thicker and longer filipodia at the leading edge than the control embryos (compare Fig.2A and B, yellow 128 arrows). However, F-actin was not enriched at the bright Sqh-GFP "inclusion bodies" ( 
130
To ensure that Sqh function was indeed lost under these conditions, we used an antibody specifically 131 recognizing the phosphorylated and active form of Sqh (P-MRLC) (Ikebe and Hartshorne, 1985; Jordan and 132 Karess, 1997; Karess et al., 1991) . In stage 14 male control embryos, P-MRLC showed apical punctate 133 localization and enrichment at the actomyosin cable ( when knocking down Sqh-GFP in amnioserosa cells using deGradFP (Table S1 ). Therefore, we conclude that 
166
to what is observed in control embryos (Fig.3A, B) . Additionally, the deposition and clearance of the tracheal 167 chitin cable and the subsequent gas filling of the tracheal tubes proceeded normally in knock-down embryos
168
( Fig.S5 and Movie 2). Using the markers described above, we verified that the full knock-down embryos were 169 male and died as first instar larvae while female embryos where viable, further validating the absence of a 170 dominant negative effect of degrading Sqh-GFP in the presence of a sqh wild type gene.
171
To gain a more detailed view of possible consequences of the absence of MyoII activity during cell 172 intercalation, we characterized the dynamics of DB elongation upon Sqh-GFP knock-down in tracheal cells from (Fig.4A , B 0min., also see Fig.S6 ). In the following elongation phase, tip cells migrated dorsally 177 (Fig.4A, B 35 min.) while the stalk cells intercalated, i.e. the cells rearranged to an end-to-end configuration
178
( Fig.4A, B 125 min. ). The intercalation process and the dynamics we observed during DB elongation in knock-179 down embryos were indistinguishable from control embryos (Fig.4C-D) . (Fig.4E, F 160 min) .
185
Finally, E-Cad staining on control and knock-down embryos revealed that in stage 16 knock-down 186 embryos (in which nuclei had an end-to-end arrangement), intercellular junctions had remodeled to give rise to 187 autocellular junctions, again as seen in control embryos (Fig.4G, H) . In this final stage, the fusion cells 188 established de novo contacts with the contralateral branch, as visualized by a dot of E-Cad between the two 189 fusion cells in both conditions (Fig.4G, H) . Also, the spacing between DB nuclei in stage 16 embryos did not 190 significantly differ between the two conditions (Fig.4I) . These results show that MyoII activity is not required 
206
However, these approaches hold drawbacks complicating the interpretation of the experimental outcomes.
207
Mutants used to study MyoII function during late embryogenesis must not interfere with maternally contributed 
217
The results we obtain by acute depletion of Sqh-GFP in the trachea system provide two unexpected 
227
MyoII activity was also shown to be required for intercalation during chicken primitive streak formation 228 (Rozbicki et al., 2015) , and mouse renal tube elongation (Lienkamp et al., 2012) . Therefore, most intercalation 229 processes mechanistically closely resemble GBE in the Drosophila embryo and use locally produced forces to 230 drive junction and cell-neighbor remodeling. In contrast to the control of intercalation by local force 231 development, external constrains acting on tissue boundaries also control and/or drive intercalation and tissue 232 remodeling. This is very likely the case during Drosophila pupal wing extension, where anchorage of wing blade 233 cells to the pupal cuticle and synchronous contraction of the hinge create a tissue scale force pattern that drives 234 cellular rearrangements via intercalation and cell division (Etournay et al., 2015; Ray et al., 2015) . Our results
235
suggest that despite the resemblance of tracheal SCI to intercalation in the embryonic epidermis (see Fig.1 ), the 236 molecular mechanisms underlying force generation in these two systems are fundamentally different.
237
Pulling forces during tracheal branch elongation arise due to TC migration, which result in an extrinsic 238 traction force that creates tension in the trailing stalk cells (Caussinus et al., 2008) . Cell elongation and 239 rearrangements associated with oriented cell division were shown to result in stress dissipation (Affolter et al., 240 2009; Campinho et al., 2013; Guillot and Lecuit, 2013; Wyatt et al., 2015) . Since tracheal branch elongation 
284
Light microscopy. Imaging was carried out using a Leica TCS SP5 confocal microscope with x20 dry, x40W 285 x63W and x63glicerol objectives. For live imaging embryos were collected overnight, dechorionated in 4% 286 bleach, and mounted in 400-5 mineral oil (Sigma Diagnostic, St Louis, MO) between a glass coverslip and a gas-287 permeable plastic foil (bioFOLIE 25, In Vitro System and Services, Gottingen, Germany). Imaging was done at 288 10 min. intervals for movie 1 and 2, at 5 min. intervals for movie 3 and at 2 min. intervals for movie 4. Images 289 were processed using ImageJ (v1.42; NIH) and Imaris (v7.3.0; Bitplane). Time-lapse movies were processed 290 using a custom made plugin in ImageJ to correct for drift in the xy plane.
292
Quantifications and statistics.
293
For the P-MRLC plots in Fig.2D, F 
297
(mCherryNLS) or the En negative stripes. To quantify the dynamics of branch elongation (Fig.4C, D) , we were imaged at 1 μm optical section intervals. Z maximum projections of the acquired images were used to 304 measure the distances between nuclei in dorsal branch 3 (which migrates the longest distance in wt) using 305 imageJ. n-numbers are indicated either directly in the figures or in the corresponding legend. In the boxplots 306 (Fig.2H, Fig.4D, I and Fig.S2B ) center values (green bar) correspond to the median and whiskers mark 307 maximum and minimum data points. Sample number was chosen large enough to allow statistical significance 308 being assessed using a two-sided Student's t-test with unequal variance.
309
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